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The  mechanism  underlying  the  vascular  action  of  endotoxin  has  been  in- 
tensively studied  with  controversial  results  (1).  Evidence has  been presented 
that endotoxin may exert a  direct effect on the vessel wall. On the other hand, 
it may act by releasing or potentiating vasoacfive substances,  or its peripheral 
effects may be secondary to alterations  in cardiac output and plasma volume. 
To  investigate  possible  direct  vascular  actions  of  endotoxin,  the  isolated, 
perfused rat liver offers some unique advantages. A  well established  technique 
of perfusion is  available  and the isolated oxygenated liver maintains its meta- 
bolic  and  histological  integrity  for  a  period  of 4  to  5  hours.  Moreover,  this 
preparation  allows for direct, precise measurements of hepatic blood flow, and 
permits controlled alteration of the perfusing media. By the very nature of the 
system, endotoxin effects on liver circulation that are secondary to changes in 
the cardiac output are eliminated.  Most important, minor and transient hemo- 
dynamic effects of bacterial lipopolysaccharide can be studied at concentrations 
far below the lethal doses used in the majority of studies in intact animals. 
Materials and Methods 
Animals.--Adult  male Sprague-Dawley rats were used as both blood and liver donors. All 
animals weighed between 450 and 550 gin and were allowed water and Purina lab chow ad 
libitum until the time of sacrifice. Donor blood was obtained  immediately  prior  to use in 
heparinized vacutainer  tubes by aortic puncture of etherized rats. 
Perfusion Technfilue.--The procedure used for the removal and perfusion of a rat liver is 
essentially that described in detail by Miller (2, 3). The technique involves rapidly removing 
the liver from an animal and placing it in a system where it is perfused by oxygenated, hep- 
arinized blood at 37°C. To insure sterility,  all glassware and  tubing were  autoclaved  and 
assembled in an aseptic manner, and the operative procedure was carried out aseptically on a 
surgicall~r prepared and draped rat, using sterile equipment. Sterility was monitored through- 
out the experiments  to be described by random culture  of the perfusate  at  various  time 
intervals.  Samples plated on blood agar and incubated at 37°C uniformly showed no growth. 
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The bile duct was eannulated at each operation to allow  measurement of bile flow as an 
index of preservation of hepatic function. Except in certain experiments, the perfusate con- 
tained 50 cc of donor blood and 25 cc of Ringer's solution with no added glucose.  With this 
mixture the hematocrit was 30 to 32 at the starts of the peffusions, and 26 to 28 after 4 hours. 
The blood was oxygenated with a mixture of 95 per cent 02 and 5 per cent CO2 and entered 
the portal vein through a glass cannula by gravity flow at a constant hydrostatic pressure of 
14 cm. After passage through the liver, the hepatic outflow emptied through a  cannula via 
the thoracic portion of the inferior vena cava. Preliminary calibration of the cannula allowed 
observations of the flow in drops per minute to be converted to milliliters per minute. In all 
experiments, a  45-minute-period was  allowed for  stabilization before any  materials were 
introduced, and the flow rates at this time varied between 18 and 26 ml per minute. A signifi- 
cant vasomotor effect was considered to have occurred if blood flow decreased 10 per cent or 
more from the immediately preceding rate. 
Histology.--An  accessory lobe was tied and removed for histological examination at  the 
start of each peffusion, and another sample was taken from a major lobe when the peffusion 
was terminated. Specimens were fixed in 10 per cent formalin and stained with hematoxylin- 
eosin and Masson staLns. A number of livers perfused with endotoxin were also stained with 
phosphotungstic-acid  hematoxylin (P.T.A.H.) to demonstrate any fibrin deposition. 
Endotoxin  Administration.--Purified  lipopolysaccharide from  Escherickia  coli  0127:B8 
was obtained from Difco Laboratories, Detroit. The same lot of the lipopolysaccharide was 
used for all experiments, and was dissolved in sterile, pyrogen-free normal saline prior to use. 
Various amounts of endotoxin were diluted in  1 ml of normal saline and injected over 2- 
minute-periods proximal to the portal vein cannula. The flow rate was then counted each 
minute for the next 10 minutes. Before each endotoxin infusion, I  ml of normal saline was 
injected to serve as a  control. In four peffusions, the E. coli lipopolysaccharide was first in- 
fused between 4 and 5 hours instead of the usual initial injection at 45 minutes. 
Perfusate  Alterations.--A  series of perfusions was carried out using oxygenated Ringer's 
solution with enough added glucose to give an initial concentration of 200 mg per cent. With 
this artificial perfusing medium, flow could be maintained at  a  constant level for only 45 
minutes to 2 hours. For this reason, the initial endotoxin injection was carried out 10 minutes 
after the start of perfusion, and drops in flow were considered significant only if the rate in- 
creased again to the preinjection level. After 3 hours in another set of perfusions, 30 ml of the 
perfusate was replaced with 30 ml of fresh whole rat blood. 
Blocking  Experiments.--In  some  experiments,  methysergide  maieate  (sansert,  Sandoz 
Pharmaceuticals,  Hanover,  New  Jersey)  and  phentolamine  methane  sulfanate  (regitine, 
Ciba Pharmaceutical Company, Summit, New Jersey) were each injected in a concentration of 
1 mg per ml. An initial infusion of the pharmacologic agent was made, followed in 10 minutes 
by an injection of a  combined drug-endotoxin mixture. Each drug was tested against con- 
centrations of the lipopolysaccharide of 0.5 and 0.1 rag. Hydrocortisone suceinate (solucortef, 
Upjohn Company, Kalamazoo, Michigan) was given in doses ranging from 125 mg per ml to 
1.25 mg per ml at various intervals before and with the administration of the E. coli endotoxin. 
EXPERIMENTAL  OBSERVATIONS 
The  bood  flow  response to  graded  doses of E.  coli  endotoxin is  shown  in 
Table I. It can be seen that amounts as low as 50 ~g cause a  definite decrease in 
blood flow. A  clear cut decrease in responsiveness was seen with the 25 ~g dose, 
where  no  decrement  in  flow  was  produced.  A  good  deal  of  variability  was 
observed even at the same dose level. However, of the 32 perfusions with endo- 
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show  a  significant  hemodynamic  effect.  Fig.  1  depicts  the  vasoconstrictive 
responses in individual experiments at the various dose levels. While the higher 
concentrations produced the most marked fall in mean blood flow, the range of 
responses at any given dose was large with considerable overlapping between 
groups. The slowing effect of repeated injections of endotoxin is seen in Fig. 2. 
In a representative perfusion using 0.1  mg of the lipopolysaccharide, a marked 
response is seen after the first infusion, a moderate response to a second intro- 
duction, and little or no response to succeeding injections of a  similar concen- 
tration. This tachyphylaxis persists as a repeat series of infusions 4 to 5 hours 
later of 0.1 mg still finds the circulation refractory. That this lack of reactivity 
TABLE  I 
Perfusion Slowing Produced by Various Doses of Endotoxin 
Dose 
mg 
Saline only 
0.025 
0.050 
0.100 
0.200 
0. 500 
1.000 
No.  of perfusions 
22 
6 
8 
10 
6 
5 
3 
No. showing significant 
decrease in blood flow 
Average decrease 
in rate of flow 
per cent 
0 
3 
17 
23 
27 
3O 
45 
to subsequent endotoxin challenge does not reflect a non-specific fatigue of the 
vasculature  is shown  by the  capability of the  liver  to  respond  to  the  intro- 
duction  of a  small  quantity  of epinephrine  at  4~/~ hours  with  marked vaso- 
constriction (Fig. 2). 
Histology.--Specimens  taken at  the beginning  and  at  the  end  of perfusion 
were perfectly normal microscopically, and indistinguishable  from control rat 
livers. Sinusoidal congestion was not noted, suggesting that the vasoconstrictive 
effect was presinusoidal  in location.  Sections stained  with  P,T.A.H.  failed  to 
reveal fibrin deposition and were similar to the controls. 
Bile F/ow.--The average bile flow was 0.9  ml per hour.  There was no sig- 
nificant  volume  difference between  control  liver  perfusions  and  those  per- 
fusions in which endotoxin was introduced. 
Alterations  of Perfusing Media.--To  test the possible importance of factors 
in  plasma  or  formed  elements  of  blood  in  the  vasoconstrictive  response  to 
endotoxin,  modifications  were  made  in  the  perfusing  media.  With  Ringer's 
solution and added glucose, a definite and direct slowing effect with subsequent 
recovery was seen (Table II). The preparation could not be oxygenated as well 
and tended to be short lived, and the response, although definite, was somewhat 1066  VASCULAR RESPONSE  IN  ISOLATED  RAT  LIVER.  I 
less marked than that seen when blood was used as perfusate. The results do 
show, however, that plasma and formed blood elements are not necessary for 
a vasoconstrictive reaction to occur. 
The replacement of 30 ml of perfusate with 30 ml of fresh rat blood at 3 hours 
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FIo.  2.  A  typical  endotoxin  perfusion  illustrating  the  initial  response  and  subsequent 
tachyphylaxis to the same concentration. The preparation, however, remained responsive to 
epinephrine (point A) despite lack of response to endotoxin. JAMES P. NOLAN AND CORNELIUS J.  0'CONNELL  1067 
results in an immediate drop in hepatic blood flow to a level of about one-half 
its previous value  (Table III). This effect is independent of the presence or 
absence of endotoxin in the system. Mter the addition of fresh blood, a  tem- 
porary return of reactivity to  endotoxin stimulation is  seen  in  preparations 
previously  rendered  tolerant  by  repeated  injections.  Fig.  3  illustrates  the 
vasoconstrictive effect of fresh whole blood and depicts a return to a reactive 
state to rechallenge with the lipopolysaccharide. The vasoactive effect of fresh 
blood disappeared after 1 hour, by which time the blood flow returned to its 
previous value. In four peffusions, the initial injection of endotoxln was made 
at 4 to 5 hours rather than at 45 minutes with the production of drops in blood 
flow as marked as if the endotoxin had been given earlier. This finding would 
suggest that while some factor in fresh blood potentiates the endotoxin response, 
it is not essential to production of the response. 
TABLE  II 
Perfusion Slowin : Produced by Endotoxin in the Absence ~ 'Blood 
Dose  ]  No. of perfuslons  No. showing significant  Average decrease 
decrease in blood flow  in rate of ttow 
F 
rag 
0.100 
0.200 
0.500 
1.000 
#~ cent 
18 
20 
12 
17 
Blocking Experiments.--In several experiments, pharmacologic agents were 
administered in an attempt to block the vasoconstrictor response to endotoxin. 
Mter establishment of a stable blood flow, the agents tried were administered 
in a volume of 1 ml. Ten minutes later, a repeat administration of the phar- 
macologic agent was given together with the endotoxln. 
Neither sansert nor regitine exhibited an appreciable blocking effect against 
the effects of high or low endotoxin dosages (Table IV). In contrast, definite 
reduction in sensitivity to endotoxin was seen when hydrocorfisone was ad- 
ministered in this fashion (Table V). Large doses  (125 mg)  completely pre- 
vented  the  response  to the lipopolysaccharide; small doses  (1.25  mg)  occa- 
sionally did so.  If  the  hydrocortisone  was~admluistered  45  minutes  prior 
to endotoxin challenge, uniform protection against the effect of endotoxin was 
seen at both the high and low dose levels. 
DISCUSSION 
The hemodynamic effects of large doses of bacterial lipopolysaccharide quite 
likely result from the interplay of a variety of reactions. Studies on the direct 
vascular effect of small, sublethal doses are few and conflicting. It is apparent 1068  VASCULAR  RESPONSE  IN  ISOLATED RAT  LIVER.  I 
that the conditions of the experiment are crucial in determining the observed 
vascular response to endotoxin. Species differences are important in both early 
and  late  reactions,  and  there  also  is  a  species  determined difference in  the 
organs primarily involved (1, 4). Compared to other commonly used laboratory 
TABLE  IH  A 
The Vasoeo~tr~t~eEffect~Fresh WholeBloM 
With added endotoxin .... 
Without added endotoxin... 
No. of 
per  fusions 
6 
3 
Average decrease 
in flow 
.per C~ 
49 
44 
Range 
~er cent 
39-6O 
36-53 
TABLE  III B 
Effect of Replacement of Perfusate with Fresh Whole Blood on Response to Endotoxin 
Rechallenge  response 
More than initial response  .............................. 
Equal to initial response  ................................ 
Less than ~  initial response  ............................ 
Endotoxin dose 
1.0 mg  0.I mg 
0  0 
1  2 
2  1 
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FIG. 3.  Vasoconstrictive response to the addition of fresh whole blood with a partial return 
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animals, rats are relatively resistant to the lethal effects of bacterial lipopoly- 
saccharides.  In our hands,  the LDs0 for a  400  to 500 gm rat is approximately 
3.0 mg of E.  coli endotoxin. Thus the doses utilized in our per[usions were in 
the  range of ~0  the  LDs0. Despite  this,  significant alterations  in  liver blood 
flow were seen.  The route  of administration  is also important, portal hyper- 
TABLE IV 
Response  to Endotoxin After Administration  of Regitine  and Sansert 
No. of  Decrease in rate of flow  Drug  Endotoxin dose  perfusions 
Regitine (1.0 mg) .................... 
Regitine (1.0 nag)  .................... 
Sansert (1.0 rag) ..................... 
Sansert (1.0 nag)  ..................... 
mg 
0.5 
0.1 
0.5 
0.1 
#6r cenf, 
33,  26 
29,  17 
26,  52 
37,  22 
TABLE V 
Effect of Time on Administration  and Dose  of Hydrocortisone  on  the Response  to Endotoxin 
Time prior to endotoxin 
z~iz~tes 
45 
45 
45 
45 
15 
15 
15 
15 
15 
15 
I-Iydroeortisone dose 
mg 
125.0 
125.0 
12.5 
1.25 
1.25 
1.25 
1.25 
1.25 
62.5 
62.5 
125.0 
125.0 
Endotoxin dose 
mg 
0.5 
0.5 
0.5 
0.5 
0.1 
0.1 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
Decrease in blood flow 
per Ce~t 
0 
0 
0 
0 
44 
0 
33 
0 
0 
0 
tension  being  greatest when  delivery is  endoportally  (5),  as it  was  in  these 
experiments. 
The isolated per[used liver permits the primary vascular effects of endotoxin 
to be advantageously studied with the elimination of secondary changes medi- 
ated through  the cardiovascular system, nervous system, or by the adrenals. 
In  previously  reported  investigations,  a  number  of  mechanisms  have  been 
proposed to explain the observed hemodynamic effects of endotoxin. Evidence 
has been shown that the regional blood flow alterations induced by the lipopoly- 1070  VASCULAR  RESPONSE  IN  ISOLATED  RAT  LIVER.  I 
saccharide  reflect  alterations in the systemic  circulation  rather  than a  local 
effect in the organ. Moses and his coworkers concluded from their studies that 
the local circulatory changes  after endotoxin  reflected  mainly a  decrease  in 
cardiac  output (6). Other work in dogs measuring hepatic flow changes after 
lipopolysaccharide  suggested  that  the  changes  were  secondary to  all  acute 
plasma volume reduction (7). While these  mechanisms may be important in 
secondary effects these experiments demonstrate that endotoxin has a definite 
and  immediate effect  on  the  hepatic  circulation  independent of  the  above 
factors.  In the isolated  preparation, perfusion  pressure  and volume are kept 
constant, and yet decreased flow is easily elicited. 
Previous  evidence  suggests  that the vascular effects of endotoxin may be 
mediated, in part at least,  by the release of vasoactive agents.  Epinephrine, 
norepinephrine  (8-10),  histamine, either by itself  or by triggering  catachol- 
amine release (11, 12), serotonin  (13), and other vasoactive polypeptides (14) 
have all been implicated  either singly or in combination as critical in causing 
the lipopolysaccharide reaction.  Some doubt, however, has been cast upon the 
role of these substances  in the endotoxin  response  by Jacobson  and his col- 
laborators (15), who concluded that none of these substances  could be shown 
to mediate the response in dogs. 
During endoportal infusions of E. coli endotoxin in the isolated perfused rat 
liver,  an immediate slowing of the hepatic blood  flow occurs. This vasocon- 
strictive effect is demonstrated with as little as 50 ~g of the lipopolysaccharide, 
a dose which has no apparent effect when injected into the intact animal. The 
slowing effect of a single injection  is relatively brief and succeeding injections 
elicit little or no further action. This tachyphylaxis suggests that an essential 
mediator in the perfusing blood is exhausted after the initial endotoxin infusion. 
The partial return of vascular reactivity when fresh whole blood is added to 
the perfusate during the refractory state may also suggest this. However,  the 
instantaneous slowing of the hepatic circulation  when  fresh  blood  is  added 
occurs whether or not endotoxin is present in the perfusate.  This phenomenon 
points to a vasoconstrictor  substance  in fresh blood  that becomes exhausted 
as the perfusion continues. That this agent may be epinephrine or norepineph- 
rine is suggested by the very high plasma concentrations  of these substances 
normally present in rat blood. (16, 17). It is apparent, however, that endotoxin 
exerts  a  vasoconstrictive  effect in  the liver  independent of the presence  of 
fresh  blood,  since  a  definite  hemodynamic alteration was  produced  by  the 
lipopolysaccharide  when Ringer's solution  with  added glucose was  the  sole 
perfusing medium. Furthermore while it is possible that circulating epinephrine 
may potentiate the endotoxin  effect, the use  of regitine  did not modify the 
reaction detectably. The immediate slowing effect and subsequent  tachyphy- 
laxis is very similar to the phenomenon observed by Levine eta/. with serotonin 
infusions into the isolated, perfused rat liver (18). However, these investigators ~AM~S P. NOLAN AND CORNELIUS J. 0'CONNELL  1071 
were able to completely abolish the vasoactive response to serotonin by prior 
injection of sansert, while this potent serotonin antagonist did not affect the 
endotoxin response  in  our studies.  The same  authors have  also shown that 
histamine does not alter the circulation in this system. 
The protective effect of hydrocortisone in this preparation is reminiscent of 
that seen in intact animals. The administration of even small doses of steroids 
prior to endotoxin challenge prevents vasoconstriction; while large doses are 
required for the same effect if the drug is administered simultaneously with the 
lipopolysaccharide. 
Studies have been done on the effects of peffusing isolated organs other than 
the liver with endotoxin (10,  19--22), and our results are somewhat different. 
These variations may in part be  attributable to differences in endotoxin re- 
activity in various spedes,  and indeed in various organs. The only previous 
study involving the  isolated  rat  liver  is,  however,  applicable  (23).  Here,  a 
marked increase in vascular resistance of the perfused liver was found when 
endotoxin-contalning organisms were infused. This slowing effect occurred 1 to 
2 hours after the  Gram-negative bacteria were injected, and the effect per- 
sisted until cessation of function. Staphylococci in the same numbers did not 
alter the blood flow. The addition of pure E. coli lipopolysaccharide produced 
no observable response, in part attributable to the mode of administration, and 
in part due to the method of observation used in the study, which was capable 
of detecting prolonged decreases in flow but not rapid changes of brief duration. 
SIY~r~rARY 
Sublethal doses of E. coli  endotoxin were shown to cause direct slowing of 
blood flow in the isolated peffused rat liver. Concentrations as low as 50 #g per 
ml elicited this vasoconstrictive response. The decrease in flow after the initial 
lipopolysaccharide injection was immediate and lasted from 5  to  15 minutes 
before recovering to baseline values.  Succeeding injections of the same con- 
centration, however, had little or no circulatory effects, and this tachyphylaxis 
persisted through 5 hours of perfusion. The replacement of the perfusate with 
fresh whole blood after several hours partially restored the ability of the hepatic 
vasculature to  respond  to  the lipopolysaccharide. However,  the presence  of 
plasma or formed blood elements was not essential to the response, as brisk 
decreases occurred after endotoxin when a modified Ringer's solution was the 
sole perfusate. Catecholamines or serotonin did not appear to be key mediators 
in the primary vascular effect of endotoxin as phentolamine and methysergide 
administration did not appreciably modify the response. On the other hand, 
hydrocortisone when given in large doses with the endotoxin or in smaller doses 
15  to  45  minutes prior  to  the  lipopolysaccharide completely blocked vaso- 
constriction. The isolated preparation seems to be an excellent model for the 
study of direct circulatory effects of various substances in the liver. 1072  VASCULAR RESPONSE IN ISOLATED RAT LIVER. I 
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